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TUNING TRIPLE-MODE FILTER FROM
EXTERIOR FACES

TECHNICAL FIELD

This invention relates generally to filter components and,
more specifically, relates to the tuning of dielectric triple-
mode filters.

BACKGROUND

This section 1s intended to provide a background or
context for the invention to be disclosed below. The descrip-
tion to follow may 1nclude concepts that could be pursued,
but have not necessarily been previously conceived, imple-
mented or described. Therefore, unless otherwise explicitly
indicated below, what 1s described 1n this section 1s not prior
art to the description 1n this application and 1s not admatted
to be prior art by inclusion 1n this section.

In general, a dielectric filter 1s composed of a number of
resonating structures and energy coupling structures which
are arranged to exchange radio-frequency (RF) energy
among themselves and input and output ports. The pattern of
interconnection of these resonators to one another and to the
input and output ports, the strength of these interconnec-
tions, and the resonant frequencies of the resonators deter-
mine the response of the filter.

During the design process for a dielectric filter, the
arrangement of the parts, the materials from which the parts
are made, and the precise dimensions of the parts are
determined such that an 1deal filter so composed will per-
form the desired filtering function. If a physical filter con-
forming exactly to this design could be manufactured, the
filter would perform exactly as intended by the designer.

However, 1n practice, the precision and accuracy of manu-
facture of both the materials and the parts are limited,
resulting 1n departures in the values of resonant frequencies
and coupling strengths from desired values, These depar-
tures, 1n turn, cause the response of the dielectric filter to
differ from that predicted by an 1deal filter model. Often, the
departures from an 1deal response are sufliciently large to
bring the filter outside of i1ts design specification. Because of
this, 1t 1s desirable to make use of some means for adjusting
the resonator frequencies and coupling strengths to bring the
filter response within the design specification.

This 1s particularly the case for a class of dielectric filters
in which TE (transverse electric) single-mode and triple-
mode ceramic-filled cavities are combined. Filters of this
type are tuned by making modifications to multiple faces of
the components, including faces which will be bonded
together 1n the assembled filter. However, this prevents full
tuning of a filter subsequent to bonding, because, at that
time, the bonded faces are no longer accessible.

As 1s recogmzed by those of ordinary skill in the art,
triple-mode cuboid resonators can be tuned by lapping
controlled amounts of material from three mutually orthogo-
nal faces of the cuboid, and subsequently resilvering those
taces. This allows the frequencies of all three modes of a
triple-mode cuboid resonator to be independently adjusted.
Single mode slab-shaped cuboid resonators can be tuned by
lapping controlled amounts of material off one or more of
the narrow faces, subsequently resilvering those faces.

An alternate method to tune triple-mode cuboid resona-
tors 1s to drill holes in three mutually orthogonal faces, and
then either to silver the walls of the holes or to leave the
holes unsilvered. This method also allows independent
adjustment of all three mode frequencies. In contrast, a
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single-mode slab-shaped cuboid resonator can be adjusted
by drilling a hole or holes 1nto one or both of the large flat
faces.

Another method 1s to cut slots 1n the silver on at least two
mutually orthogonal faces. This method also allows inde-
pendent adjustment of all three frequencies. A single-mode
slab-shaped cuboid resonator can also be adjusted by cutting
one or more slots on one or more of the narrow faces, the
slots being oriented parallel to the large faces.

As noted above, however, filter components cannot be
tuned after the components have been bonded together,
because, after bonding, an insuilicient number of faces 1s
accessible. The present invention addresses this deficiency
in the prior art.

SUMMARY

This section contains examples of possible implementa-
tions and 1s not meant to be limiting.

In an exemplary embodiment, the present invention 1s a
pair of joimned dielectric resonator components of an RF
filter. The pair of jomned dielectric resonator components
comprises a first dielectric resonator component and a
second dielectric resonator component.

The first dielectric resonator component includes a first
block of dielectric material, the first block of dielectric
material having a coating of a first conductive material. The
first dielectric resonator component 1s a slab-shaped cuboid
having one dimension with a magnitude less than the
substantially equal magnitudes of the other two dimensions.

The second dielectric resonator component includes a
second block of dielectric material, the second block of
dielectric material having a coating of a second conductive
material. The second dielectric resonator component 1s a
generally cube-shaped cuboid with three dimensions of
substantially equal magmtude.

The first dielectric resonator component 1s joined to the
second dielectric resonator component by bonding a first
tace of the first dielectric resonator component, the first face
having dimensions of substantially equal magmtude, to a
second face of the second dielectric resonator component, so
that the dimension of the first dielectric resonator component
having a magnitude less than the substantially equal mag-
nitudes of the other two dimensions 1s perpendicular to the
first and second faces.

The first face has a first coupling aperture formed by
removing a portion of the coating of first conductive mate-
rial from the first block of dielectric material, and the second
face has a second coupling aperture formed by removing a
portion of the coating of second conductive material from
the second block of dielectric material. The first coupling
aperture and the second coupling aperture are aligned with
one another when the first face 1s bonded to the second face.

The first dielectric resonator component and the second
dielectric resonator component thereby form a linear stack
having two end faces and four side faces. The linear stack 1s
thereby oriented imn a direction 1n common with the one
dimension of the first dielectric resonator component having
a magnitude less than substantially equal magnitudes of the
other two dimensions.

A first hole 1s provided at a point along a center line of a
side face of the first dielectric resonator component 1n the
direction of orientation of the linear stack, and a second hole
1s provided substantially in the center of a side face of the
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second dielectric resonator component to tune a resonant
frequency of the pair of joined dielectric resonator compo-
nents.

BRIEF DESCRIPTION OF THE DRAWINGS

In the attached Drawing Figures:

FIG. 1 1s a perspective view of a cuboid triple-mode
dielectric resonator component;

FIG. 2A 1s a perspective view of a thin slab-shaped
dielectric resonator component;

FI1G. 2B 1illustrates the 1identification scheme for the indi-
vidual holes in the thin slab-shaped dielectric resonator
component shown 1 FIG. 2A;

FIG. 2C 1s a perspective view of an approximately cube-
shaped dielectric resonator component;

FIG. 2D 1illustrates the identification scheme for the
individual holes 1n the approximately cube-shaped dielectric
resonator component shown i FIG. 2C;

FIG. 3A 1s a perspective view of an exemplary dielectric
filter of the present mvention;

FIG. 3B 1s a perspective view of an alternate embodiment
of the exemplary dielectric filter shown in FIG. 3A;

FIG. 4A 15 a perspective view of a slab-shaped dielectric
resonator component with coupling apertures and holes for
adjusting electric-field coupling strength;

FIG. 4B 1s a perspective view of an approximately cube-
shaped dielectric resonator component with coupling aper-
tures and holes for adjusting electric-field coupling strength;

FIG. 5A 1s a plot of the resonant frequency shifts for the
X-mode, the Y-mode, and the Z-mode as a function of the
offset of an unfilled hole from the center of Face 6 in the
Y-direction:

FIG. 5B 1s a plot of the resonant frequency shifts for the
X-mode, the Y-mode, and the Z-mode as a function of the
offset of a filled hole from the center of Face 6 in the
Y-direction:

FIG. 6A 1s a plot of the resonant frequency shiits for the
X-mode, the Y-mode, and the Z-mode as a function of the
offset of an unfilled hole from the center of Face 6 1n a
45-degree diagonal direction; and

FIG. 6B 1s a plot of the resonant frequency shifts for the
X-mode, the Y-mode, and the Z-mode as a function of the
oflset of a filled hole from the center of Face 6 1n a 45-degree
diagonal direction.

DETAILED DESCRIPTION OF THE DRAWINGS

The word “exemplary” as used herein means “serving as
an example, instance, or illustration.” Any embodiment
described herein as “exemplary” 1s not necessarily to be
construed as preferred or advantageous over other embodi-
ments. All of the embodiments described 1n this Detailed
Description are exemplary embodiments provided to enable
persons skilled in the art to make or use the invention and not
to limit the scope of the mmvention which 1s defined by the
claims.

In accordance with the present invention, an array of
tuning holes drilled into a single face of a cuboid triple-mode
dielectric resonator component 1s suflicient to enable all
three lowest-order modes of the resonator component to be
independently adjusted.

All of the in-band resonant frequencies of all of the
components of a filter composed of a linear stack of cuboid
dielectric resonator components, possibly including one or
more triple-mode resonator components, can be indepen-
dently adjusted by drnlling an array of tuning holes 1n one or
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more of the outer faces of the components. If required 1n a
particular application or use of the filter, all of the holes can
be provided on a single side of the linear stack.

Additional holes may be drilled 1n at least one outer face
to enable couplings between the dielectric resonator com-
ponents to be adjusted, when the couplings are implemented
with apertures near one or more of the outer faces of the
cuboids.

However, when coupling apertures are provided in the
center of the bonded faces, the coupling through a central
aperture cannot be adjusted in this manner because the
distance between the central aperture and an outer face 1s too
large for a hole 1n the outer face to have any eflect.

As noted above, once the dielectric resonator components
of a filter have been bonded together, their planar contact
surfaces are no longer accessible, thereby preventing any
tuning operations requiring access to those surfaces. The
tuning method of the present invention has the advantage
that all of the in-band resonant frequencies and all of the
couplings resulting from apertures close to the outer edges
of the dielectric resonator component can be adjusted, even
alter the dielectric resonator components of the filter have
been bonded together.

Turning now to the figures identified above, FIG. 1 1s a
perspective view ol a cuboid triple-mode dielectric resonator
component 10 having sides or faces aligned along the X-, Y-,
and Z-axes included 1n the figure. The dielectric resonator
component 10 comprises a block of dielectric material
having a coating of a conductive material, such as silver. The
axis directions and face labels, given to facilitate the dis-
cussion to follow, are indicated in FIG. 1.

The three lowest-order resonant modes are commonly
referred to as the TEO11, TE101, and TE110 modes; the
directions of their electric fields are parallel to the X-axis,
the Y-axis, and the Z-axis, respectively, TE being the abbre-
viation for “Transverse Electric”. The TEO11, TE101, and
TE110 modes may alternatively be referred to as the
X-mode, the Y-mode, and the Z-mode, respectively.

When the magnitudes of the three dimensions of the
dielectric resonator component 10 are close to one another,
the resonant frequencies of the three lowest-order resonant
modes will also be close to one another. In such a case, the
dielectric resonator component 10 may be used as a triple-
mode resonator, when the three mode frequencies lie within
the passband of the filter. Stmilarly, when the magnitudes of
two of the three dimensions of the dielectric resonator
component 10 are close to one another, the frequencies of
two of the three lowest-order resonant modes will also be
close to one another. Such a dielectric resonator component
10 may be used as a dual-mode resonator. Alternatively, the
frequency of the third lowest-order resonant mode may be
the in-band frequency, in which case the dielectric resonator
component 10 may be used as a single-mode resonator.
Finally, when the magnitudes of all three dimensions of the
dielectric resonator component 10 are substantially difierent
from one another, all three lowest-order resonant frequen-
cies will be different from one another. When one of these
resonant frequencies 1s 1in-band, such a dielectric resonator
component 10 may also be used as a single-mode resonator.
All of the in-band resonant frequencies of the above dielec-
tric resonator components 10 will require careful adjustment
to ensure that the completed filter 1s tuned.

We will consider the case where a cuboid dielectric
resonator component 10 1s a thin slab-shaped component,
wherein the magnitude of one of its three dimensions 1s
significantly smaller than the other two. Further, we will
assume that this component has a magnitude such that that
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the lowest-frequency resonant mode 1s 1n-band, so that the
cuboid dielectric resonator component 10 may be used as a
single-mode resonator. Referring to the face labels 1n FIG. 1,
we will consider the thin dimension of the thin slab-shaped
component to be the X-dimension, so that Face 1 and Face
4 will be approximately square-shaped like the faces of a
cube, while Faces 2, 3, 5, and 6 will be 1n the shape of
narrow rectangles. The single mode of interest for such a
thin slab-shaped component will be the TEO1l mode
(X-mode). When the thin slab-shaped component 1s placed
in a bonded linear filter stack, only the narrow faces will be
accessible, that 1s, Faces 2, 3, 5, and 6. As a consequence,
tuning holes or other structures cannot be placed on Faces 1
and 4 after those faces of the thin slab-shaped component are
bonded to those of other dielectric resonator components.

Now we will consider another cuboid dielectric resonator
component to have three dimensions of similar magnitude,
so that all three lowest-frequency resonant modes are in-
band. The three resonant modes of interest are then TEO11
(X-mode), TE101 (Y-mode), and TE110 (Z-mode). As with
the thin slab-shaped component described above, when the
triple-mode cuboid dielectric resonator component 1s placed
in a linear filter stack with Face 1 and Face 4 oriented toward
neighboring dielectric resonator components, only Faces 2,
3, 5, and 6 will be accessible. Tuning holes or other
structures cannot be placed on Faces 1 or 4 after those faces
of the cube-shaped component are bonded to those of other
dielectric resonator components.

Referring now to FIGS. 2A to 2D, of which FIG. 2A 1s a
perspective view of a thin slab-shaped dielectric resonator
component 20, and FIG. 2C 1s a perspective view of an
generally cube-shaped dielectric resonator component 30, a
3x3 array of holes 22, 32 1s provided on Face 6, as identified
above 1n connection with FIG. 1, of thin slab-shaped dielec-
tric resonator component 20 and generally cube-shaped
dielectric resonator component 30. FIGS. 2B and 2D 1llus-
trate the 1dentification scheme for the individual holes 22, 32
in FIGS. 2A and 2C, respectively, used 1n the following
discussion of the calculated shifts in the resonant frequen-
cies of the X-mode, Y-mode, and Z-mode that would result
from the provision of the holes.

In the calculations, both the thin slab-shaped dielectric
resonator component 20 and the generally cube-shaped
dielectric resonator component 30 were assumed to be made
from a dielectric material having a dielectric constant of 45.
Both the thin slab-shaped dielectric resonator component 20
and the generally cube-shaped dielectric resonator compo-
nent 30 were also assumed to have a coating of a conductive
material, such as silver. The dimensions of the holes 22, 32
were 1.5 mm in diameter and 1.0 mm deep. The dimensions
of the generally cube-shaped dielectric resonator component
30 were 17.7 mmx18.0 mmx18.3 mm i1n the X-, Y-, and
Z-directions, respectively, while the dimensions of the slab-
shaped dielectric resonator component 20 were 4 mmx18.0
mmx18.3 mm 1n the X-, Y-, and Z-directions, respectively.
The positions of the holes 22, 32 relative to the center of
Face 6 are given in the following Table 1:

TABLE 1

Slab hole offsets from the
center of Face 6

Cube hole offsets from the
center of Face 6

Hole X-offset Y-offset X-oflset Y-ofilset
A -7.0 -7.0 -1.0 -7.0
B -7.0 0.0 ~1.0 0.0
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TABLE 1-continued

Slab hole offsets from the
center of Face 6

Cube hole offsets from the
center of Face 6

Hole X-offset Y-offset X-offset Y-offset
C -7.0 7.0 -1.0 7.0
D 0.0 7.0 0.0 7.0
E 0.0 0.0 0.0 0.0
(center)
F 0.0 7.0 0.0 7.0
G 7.0 7.0 1.0 7.0
H 7.0 0.0 1.0 0.0
| 7.0 7.0 1.0 7.0

It will be noted, referring to FIGS. 2B and 2D, that the

holes adjacent to the corners are 1dentified with A, C, G, and
I; those between the corners and adjacent to edges with B,
D, F, and H; and that at the center with E.

The calculated shifts in the resonant frequencies of the
X-mode, Y-mode, and Z-mode are shown 1n Table 2 below,
for the generally cube-shaped dielectric resonator compo-
nent 30, and Table 3, for the slab-shaped dielectric resonator
component 20, to follow for both filled holes, wherein a
coating of a conductive matenal 1s provided on the inner
surface of the holes 22, 32, and for unfilled holes 22, 32,

which are air-filled and capped with a metal cover.

TABLE 2
Unfilled holes
Freq shift (kHz) Filled holes Freq shift (kHz)
Cube Hole dFx dby dFz dFx dby dFz

A 1.3 1.5 17 111 100 109
B 12 1.5 147 786 100 209
C 1.8 1.1 18 111 99 110
D 1.4 13 166 110 754 126
E 12 13 1386 803 796 -5816
F 1.5 13 166 111 753 109
G 0.9 1.4 18 110 100 110
H 12 1.0 148 788 100 207
I 1.3 1.5 18 111 100 110

As may be noted 1n preceding Table 2, and as indicated by
the use of italics, the calculations reveal that the X-mode can
be controlled using filled holes 32 at positions B and H, the
Y-mode using filled holes 32 at positions D and F, and the
/Z-mode using unfilled or filled hole 32 at position E. This
combination of holes achieves good independent control.
Unfilled holes 32 in the corners (A, C, G, and I) have
negligible effect on the resonant frequencies of all modes,
and, therefore, can be used to control couplings between
adjacent dielectric resonator components as will be dis-
cussed below. Filled holes 32 in the corners have only a
small eflect on the resonant frequencies, and may be used to
control the couplings between adjacent dielectric resonator
components 1 care 1s taken to compensate for their effect on
the resonant frequencies.

The calculated shiits 1n the resonant frequencies are for
the X-mode 1n following Table 3 for the slab-shaped dielec-
tric resonator component 20.

TABLE 3
Slab Unfilled holes Filled holes
Hole Freq shift (kHz) Freq shift (kHz)
A 7.5 525
B 54 3843 (X-
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TABLE 3-continued
Slab Unfilled holes Filled holes
Hole Freq shift (kHz) Freq shift (kHz)
centerline)
C 7.0 528
D 7.8 502
E 55 3660 (Center
of Face 6)
I 6.5 501
G 6.7 521
H 53 3830 (X-
centerline)
I 6.1 526

Based on the results provided 1n Table 3, all of the holes
22 increase the resonant frequency of the X-mode, although
the holes on the X-centerline (B, E, and H) do so most
cllectively.

Based on the results of the calculations described above,
an eflective set of tuming holes 32 to use for a cube-shaped
dielectric resonator component 30 1s a filled hole 32 at one
or both of positions B and H to adjust the X-mode resonant
frequency, a filled hole 32 at one or both of positions D and
F to adjust the Y-mode resonant frequency, and either a filled
or an unfilled hole 32 at position E to adjust the Z-mode
resonant frequency. These provide three degrees of freedom
which, while not completely independent, are reasonably
orthogonal. With the aid of a tuming matrix of the sort
disclosed 1 U.S. patent application Ser. No. 15/227,169,
filed Aug. 3, 2016, the teachings of which are incorporated
herein by reference, 1t 1s straightforward to calculate the hole
depths required to achieve a desired set of resonant fre-
quency changes. One method to calculate needed tuning 1s
use coupling matrix extraction from a measured filter s-pa-
rameters. A calculated matrix 1s just compared to a target
coupling matrix, and all clear deviations are corrected by a
calculated drill tuning. This method 1s also suitable for
coupling tuning.

Since there 1s only one resonant frequency (X-mode) to
adjust 1n a slab-shaped dielectric resonator component 20, a
hole 22 at almost any position (A to 1) on one of the narrow
taces will cause a resonant frequency shift. However, the
most effective positions are on the X-centerline of the face,
such as Face 6, as indicated with 1italics for filled holes at
positions B, E, and H 1n Table 3 above.

As stated at the outset, a class of dielectric filters 1n which
TE (transverse electric) single-mode and triple-mode
ceramic-filled cavities are combined 1s of interest in the
present application. This type of filter heretofore could not
be fully tuned subsequent to bonding, because, the bonded
faces are no longer accessible.

However, based on the calculations described above, a set
of holes suitable for adjusting the resonant frequencies 1n a
dielectric filter of this type 1s shown in FIG. 3A. Because all
of the holes are located on a single outer side of the dielectric
filter, the dielectric filter can be tuned aiter the components
have been bonded together. Having all of the holes on one
side greatly eases the tuning process during manufacture
because all of the holes are readily accessible without any
need to reposition the dielectric filter.

More specifically, FIG. 3A 1s a perspective view ol an
exemplary dielectric filter 40 having a central generally
cube-shaped dielectric resonator component 30 with two
slab-shaped dielectric-resonator components 20 at each end,
thereby forming a filter stack. In approximately cube-shaped
dielectric resonator component 30, holes 34, filled with a
conductive material, are provided at five positions, analo-
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gous to positions B, D, E, F, and H 1n FIG. 2D, as suggested
by the calculations summarized 1n Table 2 above. It should
be understood that positions B, D, E, F, and H should not be
considered to be exact positions, as they were defined for the
calculations described above. Rather, for example, position
E 1s at or near the center, while positions B, D, F, and H are
at or near the middle of the edges.

Similarly, 1n each of the slab-shaped dielectric resonator
components 20, a hole 24, filled with a conductive matenal,
1s provided at a central position, analogous to position E 1n
FIG. 2B, as suggested by the calculations summarized 1n
Table 3 above. Again, 1t should be understood that position
E should not be considered to be an exact position, as 1t was
defined for the calculations described above. Rather, for
example, position E 1s at or near the center of the face (Face
6).

The holes 24, 34 shown 1n FIG. 3A may be recognized as
being a symmetrical set. An exemplary dielectric filter 50
like that shown 1n FIG. 3A, but having a minimal set of holes
24, 34, 36 1s shown 1n a perspective view in FIG. 3B.

More specifically, in exemplary dielectric filter 30,
approximately cube-shaped dielectric resonator component
30, holes 34, 36, are provided at three positions, analogous
to positions B, E, and F 1n FIG. 2D, again as suggested by
the calculations summarized in Table 2 above. Hole 36 at the
central position (position B) 1s unfilled, while the other two
holes 34 are filled as above. Unfilled hole 36 provides less
of a resonant frequency shift than filled hole 34 at the central
position, while the use of one of the two filled holes 34 at
positions B and H, and D and F reduces the shiit that would
be provided by both of the holes in each pair together.

As was the case 1 FIG. 3A, each of the slab-shaped
dielectric resonator components 20 has a hole 24, filled with
a conductive material, provided at a central position, analo-
gous to position E 1 FIG. 2B, as suggested by the calcu-
lations summarized 1n Table 3 above, where unfilled holes
are shown to have little eflect on the resonant frequency.

In addition to the ability to adjust the resonant frequen-
cies, the set of holes illustrated in FIGS. 2A to 2D also
allows the electric-field couplings between dielectric reso-
nator components to be adjusted. However, 1n order to be
able to adjust the strengths of the electric-field coupling 1n
this manner, the aligned coupling apertures on the planar
contact surfaces of adjacent dielectric resonator components
must be close to a corner of the planar contact surface, as
holes provided on an outer surface of a dielectric resonator
component are too far away from a coupling aperture
located 1n the center of a planar contact surface to have any
cllect.

In this regard, reference 1s now made to FIGS. 4A and 4B.
Referring first to FIG. 4A, a perspective view ol a slab-
shaped dielectric resonator component 20, coupling aper-
tures 26, which are areas where the coating of conductive
material has been removed from the face of the resonator
component 20, are provided near the corners of the planar
contact surface (Face 1 or Face 4) thereof. Holes 22 pro-
vided near the corners, such as at positions A, C, G, and 1,
for his purpose may be either filled or unfilled. Coupling
apertures 26 may be square, as shown, but may also be
provided 1n other shapes, such as circular.

Similarly, referring to FIG. 4B, a perspective view of an
generally cube-shaped dielectric resonator component 30,
coupling apertures 38, which are areas where the coating of
conductive material has been removed from the face of the
resonator component 30, are provided near the corners of the
planar contact surface (Face 1 or Face 4) thereotf. Holes 32
provided near the corners, such as at positions A, C, G, and
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I, for his purpose may be either filled or unfilled. Coupling
apertures 38 may be square, as shown, but may also be
provided in other shapes, such as circular.

When coupling apertures 26, 38 are in the corners, holes
22, 32 placed 1n the comers of the outer faces are very
suitable for use as coupling adjustments. Referring to the
resonant frequency shifts due to the corner hole positions (A,
C, G, and I) in Table 2, for unfilled holes, the resonant
frequency shifts are negligible, while, for filled holes, the
resonant frequency shifts are significantly smaller than those
for the other hole positions. As a result, the disturbance to
the resonant {frequencies caused by modifications to corner
holes are small, and may be compensated by the other holes.
Thus, the corner holes may be used to adjust the coupling
strengths.

Since every hole changes multiple quantities, both reso-
nant frequencies and electric-field couplings, 1t will be
necessary to use a tunming matrix of the sort disclosed 1n the
above-referenced U.S. patent application Ser. No. 15/227,
169 to calculate the depth changes required 1n all of the holes
to achieve the desired changes to all of the resonant fre-
quencies and electric-field couplings. Unlike the situation
described 1n U.S. patent application Ser. No. 15/227,169,
where only resonant frequency adjustments are discussed, in
the present case the quantities to be adjusted are resonant
frequencies and couplings.

The couplings could be adjusted by placing the corner
holes either in the slab-shaped dielectric resonator compo-
nent 20 shown in FIG. 4A or in the approximately cube-
shaped dielectric resonator component 30 shown 1n FI1G. 4B.
Since the resonant frequency tunings 1n the cube are more
critical than those in the slab, 1t would be preferable to use
corner holes 1n the slab to adjust the couplings because any
resulting frequency errors would be less serious.

Even though a nine-hole embodiment has been shown, the
essential methods described would also work with other
arrangements of tuning holes. Accordingly, the present
invention 1s not limited to the 3x3 hole pattern shown 1n
FIGS. 2A to 2D, 3A, 3B, 4A, and 4B.

The general requirement for couplings to be adjusted 1s
that the aperture be close to the edge of a bonding face, such
as Face 1 or Face 4, and that a tuning hole be placed close
to that aperture. The general requirement for resonant fre-
quencies to be tuned depends on the mode concerned, as has
been seen above, and will be further discussed below.

A filled hole placed somewhere in the middle of a face
will cause the mode with electric field striking that face
(Z-mode 1n the case of holes on Face 6) to decrease 1n
resonant frequency, as illustrated by E 1n column 7 of Table
2. An unfilled hole 1n a similar location will cause the same
mode Irequency to increase, as illustrated by E 1n column 4
of Table 2.

A filled hole placed in the current stream due to a
particular mode will cause the resonant frequency of that
mode to increase. This 1s 1llustrated by B, E and H 1n column
5 of Table 2 for the X-mode. These holes run across the face
in the X-direction, and are located in the center in the
Y-direction as can be seen in FIGS. 2C and 2D. This 1s the
location of the X-mode current stream.

An unfilled hole placed 1n the current stream will have a
negligible eflect on the resonant Ifrequencies of modes
having minimal electric field 1n the location of the hole, such
as the X-mode and Y-mode on Face 6. This i1s 1llustrated by
the tiny resonant frequency shifts of the X-mode and
Y-mode in columns 2 and 3 of Table 2.

To further illustrate the variation of resonant frequency
shifts as the position of a hole 1s changed, plots showing
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these variations are shown below. They are based on calcu-
lations performed for a 17.9 mmx18.0 mmx18.1 mm cuboid
with a dielectric constant of 45. The size of the hole was 1.0
mm 1n diameter and 1.0 mm deep.

FIG. 5A shows the resonant frequency shifts for the
X-mode, the Y-mode, and the Z-mode as a function of the
offset of an unfilled hole from the center of Face 6 in the

Y-direction, and FIG. SB shows the resonant frequency
shifts for the X-mode, the Y-mode, and the Z-mode as a

function of the oflset of a filled hole from the center of Face
6 1n the Y-direction. Thus, the positions of the hole vary from
positions D, E, and F in FIGS. 2C and 2D. The X-mode,
Y-mode, and Z-mode resonant frequency shiits are as
labelled 1n the plots. It 1s clear that the resonant frequency
shift due to an unfilled hole, as shown 1n FIG. 5A, 1s almost
entirely 1n the Z-mode. It should also be noted that the
resonant frequency shift 1s greatest for a hole close to the
center of the face (Face 6), where the electric field of the
Z-mode 1s a maximum. The resonant frequency shift due to
a filled hole, as shown 1n FIG. 5B, 1s mostly in the Z-mode,
although significant shifts still occur for the X-mode and
Y-mode. The resonant frequency shiit of the Z-mode 1s
greatest for a hole close to the center of the face where the
clectric field of the Z-mode 1s a maximum. It should be noted
that the Y-mode shiit 1s largely independent of the offset in
the Y-direction. This 1s because the hole remains 1n the
middle of the current stream of the Y-mode due to the stream
flowing 1n the Y-direction. By way of contrast, the resonant
frequency shiit of the X-mode 1s a maximum 1n the center.
This 1s because a displacement 1n the Y-direction moves the
hole across the current stream of the X-mode. The variation
of resonant frequency shift with offset 1s similar when the
offset 1s 1 the X-direction except that the shifts of the
X-mode and Y-mode are swapped.

FIG. 6A shows the resonant frequency shifts for the
X-mode, the Y-mode, and the Z-mode as a function of the
offset of an unfilled hole from the center of Face 6 1n a
45-degree diagonal direction, and FIG. 6B shows the reso-
nant frequency shifts for the X-mode, the Y-mode, and the
Z-mode as a function of the oflset of a filled hole from the
center of Face 6 1n a 45-degree diagonal direction. Thus, the
hole positions vary from positions A, E, and I in FIGS. 2C
and 2D. The X-mode, Y-mode, and Z-mode resonant fre-
quency shiits are as labelled 1n the plots. It 1s clear that the
resonant frequency shift due to an unfilled hole, as shown 1n
FIG. 6A, 1s almost entirely 1n the Z-mode. It should also be
noted that the resonant frequency shift 1s greatest for a hole
close to the center of the face (Face 6), where the electric
field of the Z-mode 1s a maximum. The resonant frequency
shift due to a filled hole, as shown 1n FIG. 6B, 1s mostly 1in
the Z-mode, although significant shiits still occur for the
X-mode and the Y-mode. The resonant frequency shift of the
Z-mode 1s greatest for a hole close to the center of the face,
where the electric field of the Z-mode 1s a maximum. The
resonant frequency shifts of the X-mode and Y-mode are
also greatest for a hole close to the center because this places
the hole 1n the X-mode and Y-mode current streams.

In order to achieve a given resonant frequency shift, one
may choose a certain combination of hole diameter and
depth. A larger diameter hole will not need to be as deep as
a smaller diameter hole 1n order to produce the same
resonant frequency shiit. This gives some freedom in choos-
ing the drill diameter.

The available resonant frequency shifts from the present
method are not very large compared with the shifts which
are possible with lap tuning, such as are described 1n the
above-referenced U.S. patent application Ser. No. 15/227,
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169, however they are still large enough to be useful when
the filter 1s close to tuned at the time of bonding.

Although various aspects of the invention are set out 1n
the independent claims, other aspects of the mnvention com-
prise¢ other combinations of features from the described
embodiments and/or the dependent claims with the features
of the independent claims, and not solely the combinations
explicitly set out 1n the claims.

It 1s also noted herein that while the above describes
example embodiments of the invention, these descriptions
should not be viewed 1n a limiting sense. Rather, there are
several variations and modifications which may be made
without departing from the scope of the present invention as
defined 1n the appended claims.

What 1s claimed 1s:

1. A pair of joined dielectric resonator components of an
RF filter, said pair of joined dielectric resonator components
comprising;

a first dielectric resonator component including a first
block of dielectric material, said first block of dielectric
material having a coating of a first conductive material,
said first dielectric resonator component being a slab-
shaped cuboid having one dimension with a magnitude
less than substantially equal magnitudes of two other
dimensions; and

a second dielectric resonator component including a sec-
ond block of dielectric material, said second block of
dielectric material having a coating of a second con-
ductive material, said second dielectric resonator com-
ponent being a generally cube-shaped cuboid with three
dimensions of substantially equal magnitude,

said first dielectric resonator component being joined to
said second dielectric resonator component by bonding
a {irst Tace of said first dielectric resonator component,
said first face having dimensions of substantially equal
magnitude, to a second face of said second dielectric
resonator component, so that said one dimension of
said first dielectric resonator component having a mag-
nitude less than the substantially equal magnitudes of
two other dimensions 1s perpendicular to said first and
second faces, said first face having a first coupling
aperture formed by removing a portion of said coating
of first conductive material from said first block of
dielectric material, and said second face having a
second coupling aperture formed by removing a portion
of said coating of second conductive material from said
second block of dielectric material, said first coupling
aperture and said second coupling aperture being
aligned with one another when said first face 1s bonded
to said second face,

said first dielectric resonator component and said second
dielectric resonator component thereby forming a lin-
car stack having two end faces and four side faces, said
linear stack thereby being oriented in a direction 1n
common with the one dimension of said first dielectric
resonator component having a magnitude less than
substantially equal magnitudes of the other two other
dimensions,

wherein a first hole 1s provided at a point along a center
line of a side face of said first dielectric resonator
component in the direction of orientation of the linear
stack, and a second hole 1s provided substantially 1n the
center of a side face of said second dielectric resonator
component to tune a resonant frequency of said pair of
joined dielectric resonator components, and wherein at
least one of the following applies:
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said first hole and said second hole are on the same side
face of said linear stack:

said first hole 1s capped with a metal cover; and

said second hole 1s capped with a metal cover.

2. The paitr of joined dielectric resonator components as
claimed 1n claim 1, wherein said first hole 1s lined with a
coating ol a conductive material making electrical contact
with said coating of first conductive matenal.

3. The pair of joined dielectric resonator components as
claimed 1n claim 1, wherein said second hole 1s lined with
a coating of a conductive material making electrical contact
with said coating of second conductive matenal.

4. A pair of joined dielectric resonator components of an
RF filter, said pair of joined dielectric resonator components
comprising:

a first dielectric resonator component including a first
block of dielectric material, said first block of dielectric
material having a coating of a first conductive material,
said first dielectric resonator component being a slab-
shaped cuboid having one dimension with a magnitude
less than substantially equal magnitudes of two other
dimensions; and

a second dielectric resonator component including a sec-
ond block of dielectric material, said second block of
dielectric material having a coating of a second con-
ductive material, said second dielectric resonator com-
ponent being a generally cube-shaped cuboid with three
dimensions of substantially equal magnitude,

said first dielectric resonator component being joined to
said second dielectric resonator component by bonding,
a first face of said first dielectric resonator component,
said first face having dimensions of substantially equal
magnitude, to a second face of said second dielectric
resonator component, so that said one dimension of
said first dielectric resonator component having a mag-
nitude less than the substantially equal magnitudes of
two other dimensions 1s perpendicular to said first and
second faces, said first face having a first coupling
aperture formed by removing a portion of said coating
of first conductive material from said first block of

dielectric material, and said second face having a
second coupling aperture formed by removing a portion
of said coating of second conductive material from said
second block of dielectric material, said first coupling
aperture and said second coupling aperture being
aligned with one another when said first face 1s bonded
to said second face,

said first dielectric resonator component and said second
dielectric resonator component thereby forming a lin-
car stack having two end faces and four side faces, said
linear stack thereby being oriented 1n a direction 1n
common with the one dimension of said first dielectric
resonator component having a magnitude less than
substantially equal magnitudes of two other dimen-
S10NS,

wherein a first hole 1s provided at a point along a center
line of a side face of said first dielectric resonator
component 1n the direction of orientation of the linear
stack, and a second hole 1s provided substantially 1n the
center of a side face of said second dielectric resonator
component to tune a resonant frequency of said pair of
joined dielectric resonator components,

wherein a third hole 1s provided on a side face of said
second dielectric resonator component, said third hole
being adjacent to said second face and substantially
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midway between corners of said side face, to tune a
second resonant frequency of said second dielectric
resonator component.

5. The pair of joined dielectric resonator components as
claimed 1n claim 4, wherein said second hole and said third
hole are on the same side face of said linear stack.

6. The pair of joined dielectric resonator components as
claimed in claim 4, wherein said third hole 1s capped with a
metal cover.

7. The pair of joined dielectric resonator components as
claimed 1n claim 4, wherein said third hole 1s lined with a
coating ol a conductive material making electrical contact
with said coating of second conductive material.

8. A pair of joined dielectric resonator components of an
RF filter, said pair of joined dielectric resonator components
comprising:

a first dielectric resonator component 1ncluding a first
block of dielectric material, said first block of dielectric
material having a coating of a first conductive material,
said first dielectric resonator component being a slab-
shaped cuboid having one dimension with a magnitude
less than substantially equal magnitudes of two other
dimensions; and

a second dielectric resonator component including a sec-
ond block of dielectric material, said second block of
dielectric material having a coating of a second con-
ductive material, said second dielectric resonator com-
ponent being a generally cube-shaped cuboid with three
dimensions of substantially equal magnitude,

said first dielectric resonator component being joined to
said second dielectric resonator component by bonding
a {irst Tace of said first dielectric resonator component,
said first face having dimensions of substantially equal
magnitude, to a second face of said second dielectric
resonator component, so that said one dimension of
said first dielectric resonator component having a mag-
nitude less than the substantially equal magnitudes of
two other dimensions 1s perpendicular to said first and
second faces, said first face having a first coupling
aperture formed by removing a portion of said coating
of first conductive material from said first block of
dieclectric material, and said second face having a
second coupling aperture formed by removing a portion
of said coating of second conductive material from said
second block of dielectric material, said first coupling
aperture and said second coupling aperture being
aligned with one another when said first face 1s bonded
to said second face,

said first dielectric resonator component and said second
dielectric resonator component thereby forming a lin-
car stack having two end faces and four side faces, said
linear stack thereby being oriented in a direction 1n
common with the one dimension of said first dielectric
resonator component having a magnitude less than
substantially equal magnitudes of two other dimen-
S101S,

wherein a first hole 1s provided at a point along a center
line of a side face of said first dielectric resonator
component 1n the direction of orientation of the linear
stack, and a second hole 1s provided substantially 1n the
center of a side face of said second dielectric resonator
component to tune a resonant frequency of said pair of
joined dielectric resonator components,

wherein a fourth hole 1s provided on a side face of said
second dielectric resonator component, said fourth hole
being adjacent to a side edge of said side face and
substantially midway between corners of said side face,
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to tune a third resonant frequency of said second
dielectric resonator component.

9. The pair of joined dielectric resonator components as
claimed 1n claim 8, wherein said second hole and said fourth
hole are on the same side face of said linear stack.

10. The pair of joined dielectric resonator components as
claimed in claim 8, wherein said fourth hole 1s capped with
a metal cover.

11. The pair of joined dielectric resonator components as
claimed 1n claim 8, wherein said fourth hole 1s lined with a
coating ol a conductive material making electrical contact
with said coating of second conductive matenial.

12. A pair of joined dielectric resonator components of an
RF filter, said pair of joined dielectric resonator components
comprising:

a first dielectric resonator component including a first
block of dielectric material, said first block of dielectric
material having a coating of a first conductive material,
said first dielectric resonator component being a slab-
shaped cuboid having one dimension with a magnitude
less than substantially equal magnitudes of two other
dimensions; and

a second dielectric resonator component including a sec-
ond block of dielectric material, said second block of
dielectric material having a coating of a second con-
ductive material, said second dielectric resonator com-
ponent being a generally cube-shaped cuboid with three
dimensions of substantially equal magnitude,

said first dielectric resonator component being joined to
said second dielectric resonator component by bonding,
a first Tace of said first dielectric resonator component,
said first face having dimensions of substantially equal
magnitude, to a second face of said second dielectric
resonator component, so that said one dimension of
said first dielectric resonator component having a mag-
nitude less than the substantially equal magnitudes of
two other dimensions 1s perpendicular to said first and
second faces, said first face having a first coupling
aperture formed by removing a portion of said coating
of first conductive material from said first block of
dielectric material, and said second face having a
second coupling aperture formed by removing a portion
of said coating of second conductive material from said
second block of dielectric material, said first coupling
aperture and said second coupling aperture being
aligned with one another when said first face 1s bonded
to said second face,

said first dielectric resonator component and said second
dielectric resonator component thereby forming a lin-
car stack having two end faces and four side faces, said
linear stack thereby being oriented 1n a direction 1n
common with the one dimension of said first dielectric
resonator component having a magnitude less than
substantially equal magnitudes of two other dimen-
S10NS,

wherein a first hole 1s provided at a point along a center
line of a side face of said first dielectric resonator
component 1n the direction of orientation of the linear
stack, and a second hole 1s provided substantially 1n the
center of a side face of said second dielectric resonator
component to tune a resonant frequency of said pair of
joined dielectric resonator components,

wherein said first coupling aperture 1s adjacent to a corner
of said first face, and said second coupling aperture 1is
adjacent to a corner of said second face.

13. The pair of joined dielectric resonator components as

claimed in claim 12, wherein a fifth hole 1s provided on a
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side face of said first dielectric resonator component, said
fifth hole being adjacent to a comer of said side face and
adjacent to the corner of said first face adjacent to said first
coupling aperture, to adjust the coupling of said pair of
joined dielectric resonator components.

14. The pair of joined dielectric resonator components as
claimed 1n claim 13, wherein said first hole and said fifth
hole are on the same side face of said linear stack.

15. The pair of joined dielectric resonator components as
claimed 1n claim 13, wherein said {ifth hole 1s capped with
a metal cover.

16. The pair of joined dielectric resonator components as
claimed 1n claim 13, wherein said fifth hole 1s lined with a
coating of a conductive material making electrical contact
with said coating of first conductive material.

17. The pair of joined dielectric resonator components as
claimed 1n claim 12, wherein a sixth hole 1s provided on a
side face of said second dielectric resonator component, said
sixth hole being adjacent to a comer of said side face and
adjacent to the corner of said second face adjacent to said
second coupling aperture, to adjust the coupling of said pair
ol joined dielectric resonator components.

18. The pair of joined dielectric resonator components as
claimed 1n claim 17, wherein said second hole and said sixth
hole are on the same side face of said linear stack.

19. The pair of joined dielectric resonator components as
claimed 1n claim 17, wherein said sixth hole 1s capped with
a metal cover.

20. The pair of joined dielectric resonator components as
claimed 1n claim 17, wherein said sixth hole 1s lined with a
coating ol a conductive material making electrical contact
with said coating of second conductive material.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 10,283,828 B2 Page 1 of 1
APPLICATION NO. : 15/421775

DATED : May 7, 2019

INVENTORC(S) . Steven Cooper et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

In Claim 1:
Column 11, Line 58, “the other two” should be deleted and --two-- should be 1nserted.

Signed and Sealed this
- Second Day of July, 2019

Andrei Iancu
Director of the United States Patent and Trademark Office
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